Using astrometric observations spanning more than a century and including a large set of
Introduction
Tidal effects among planetary systems are the main driver in the orbital migration of natural satellites. They result from physical processes arising in the interior of celestial bodies, not observable necessarily from surface imaging. Hence, monitoring the moons' motions offers a unique opportunity to probe the interior properties of a planet and its satellites. In common with the Martian and Jovian systems (Lainey et al., 2007 (Lainey et al., , 2009 ), the orbital evolution of the Saturnian system due to tidal dissipation can be derived from astrometric observations of the satellites over an extended time period. In that respect, the presence of the Cassini spacecraft in orbit around Saturn since 2004 has provided unprecedented astrometric and radio-science data for this system with exquisite precision. These data open the door for estimating a potentially large number of physical parameters simultaneously, such as the gravity field of the whole system and even separating the usually strongly correlated tidal parameters k 2 and Q.
The present work is based on two fully independent analyses (modelling, data, fitting procedure) performed at IMCCE and JPL, respectively. Methods are briefly described in Section 2. Section 3 provides a comparison between both analyses as well as a global solution for the tidal parameters k 2 and Q of Saturn. Section 4 describes possible interior models of Saturn compatible with our observations. Section 5 discusses possible implications associated with the strong tidal dissipation we determined.
Material and methods
Both analyses stand on numerical computation of the moons' orbital states at any time, as well as computation of the derivatives of these state vectors (see subsection 2.1) with respect to: i) their initial state for some reference epoch; ii) many physical parameters. Tidal effects between both the moons and the planet are introduced by means of the amplitude of the tidal bulge and its time lag associated to dissipation processes. The gravitational effect of the tidal bulge is classically described by the tidal Love number k 2 and the tidal ratio k 2 /Q. The Love number k 2 is defined as the ratio between the gravitational potential induced by the tidally-induced mass redistribution and the tide-generating potential. As the interior does not respond perfectly to the tidal perturbations, because of internal friction applied on tides, there is a time lag between the tide-raising potential and the tidally-induced potential. The torque created by this lag is proportional to the so-called tidal ratio k 2 /Q. The amplitude and lag of the tide potential can also be described using a complex representation of the Love number, where the real part correspond to the part of the potential aligned with the tide-raising potential, while the imaginary part describes the dissipative part (see also section 4). The factor Q, often called the quality factor (Kaula 1964) , or the specific dissipation function, Q -1 , in its inverse form, is inversely proportional to the amount of energy dissipated by tidal friction in the deformed object. Coupled tidal effects such as tidal bulges raised on Saturn by one moon and acting on another are considered. Besides the eight main moons of Saturn, the coorbital moons Calypso, Telesto, Polydeuces, and Helene are integrated in both studies.
Although the two tidal parameters k 2 and Q often appear independently in the equations of motion, the major dynamical effect by far is obtained when the tide raised by a moon on its primary acts back on this same moon. In this case, only the ratio k 2 /Q is present as a factor for the major term, therefore preventing an independent fit of k 2 and Q. However, the small coorbital satellites raise negligible tides on Saturn and yet react to the tides raised on the planet by their parent satellites (see Figure in Appendix A1). This unique property allows us to make a fit for k 2 that is almost independent of Q (see Appendix A1). In particular, we find that the modelling of such cross effects between the coorbital moons allows us to obtain a linear correlation between k 2 and Q of only 0.03 (Section 3 and Appendix A4). Thanks to the inclusion of Telesto, Calypso, Helene and Polydeuces, we can estimate k 2 essentially around the tidal frequencies of Tethys and Dione.
IMCCE's approach
The IMCCE approach benefits from the NOE numerical code that was successfully applied to the Mars, Jupiter, and Uranus systems (Lainey et al., 2007 (Lainey et al., , 2008 (Lainey et al., , 2009 ). It is a gravitational Nbody code that incorporates highly sensitive modeling and can generate partial derivatives needed to fit initial positions, velocities, and other parameters (like the ratio k 2 /Q) to the observational data. The code includes (i) gravitational interaction up to degree two in the spherical harmonics expansion of the gravitational potential for the satellites and up to degree 6
for Saturn (Jacobson et al. 2006 ); (ii) the perturbations of the Sun (including inner planets and the Moon by introducing their mass in the Solar one) and Jupiter using DE430 ephemerides;
(iii) the Saturnian precession; (iv) the tidal effects introduced by means of the Love number k 2 and the quality factor Q.
The dynamical equations are numerically integrated in a Saturncentric frame with inertial axes (conveniently the Earth mean equator J2000). The equation of motion for a satellite P i can be expressed as (Lainey et al. 2007 )
Here, i r ! and j r ! are the position vectors of the satellite P i and a body P j (another satellite, the Sun, or Jupiter) with mass m j , subscript 0 denotes Saturn, l k Uˆ is the oblateness gravity field of body P l at the position of body P k , GR are corrections due to General Relativity (Newhall et al. 1983 ) and T k l F! the force received by P l from the tides it raises on P k . This force is equal to (Lainey et al. 2007 )
where
! , R, and Δt being the instantaneous rotation vector, equatorial radius and time potential lag of P k , respectively. The time lag Δt is defined by
where T is the period of the main tidal excitation. For the tides raised on Enceladus, T is equal to 2π/n (n being Enceladus' mean motion) as we only considered the tide raised by Saturn. For Saturn's tidal dissipation, T is equal to 2π/2(Ω-n i ) where Ω is the spin frequency of Saturn and n i is the mean motion of the tide raising Saturnian moon P i . Δt depends on the tidal frequency and on Q, therefore it is not a constant parameter.
It is clear from the second term in the right hand side of Eqs.(2-3) that k 2 and Q are completely correlated. To separate both parameters, we consider the action on any moon of the tides raised on Saturn by all other moons (see also appendix A1). Neglecting tidal dissipation in that case provides the extra terms
For an unspecified parameter c l of the model that shall be fitted (e.g.
useful relation is and references therein)
where i F ! is the right hand side of Eq. 
JPL's approach
The second approach incorporates the tidal parameters into the ongoing determination of the satellite ephemerides and Saturnian system gravity parameters that support navigation for the Cassini Mission. Initial results from that work appear in Jacobson et al. (2006) . For Cassini the satellite system is restricted to the eight major satellites, Phoebe, and the Lagrangians Helene,
Telesto, and Calypso. The analysis procedure is to repeat all of the Cassini navigation reconstructions but with a common set of ephemerides and gravity parameters. We combine these new reconstructions with other non-Cassini data sets to obtain the updated ephemerides and revised gravity parameters. The non-Cassini data include radiometric tracking of the Pioneer and Voyager spacecraft, imaging from Voyager, Earth-based and HST astrometry, satellite mutual events (eclipses and occultations), and Saturn ring occultations. We process the data via a weighted least-squares fit that adjusts our models of the orbits of the satellites and the four spacecraft (Pioneer, Voyager 1, Voyager 2, Cassini). Peters (1981) and Moyer (2000) describe the orbital models for the satellites and spacecraft, respectively. The set of gravity related parameters adjusted in the fit contains the GMs of the Saturnian system and the satellites (Helene, Telesto, and Calypso are assumed massless), the gravitational harmonics of Saturn, Enceladus, Dione, Rhea, and Titan, Saturn's polar moment of inertia, the orientation of Saturn's pole, and the tidal parameters k 2 and Q.
Results
Since tidal effects within Saturn and Enceladus have almost opposite orbital consequences, Table 1 and 2), the last k 2 /Q (I) value stands at 3σ of the JPL estimation. This possibly reflects the difference in the data sets, since JPL introduced radio-science data, while IMCCE introduced scanning data. Nevertheless, both estimates suggest strong tidal dissipation, at least about five times larger than previous theoretical estimates (Sinclair, 1983) . 
Modeling Saturn's interior
To model the tidal response of Saturn's interior and to compare it to the k 2 and k 2 /Q values inferred in the present study, we consider a wide range of interior models consistent with the gravitational coefficients measured using the Cassini spacecraft (Helled & Guillot 2013 ). In total, 302 interior models, corresponding to various core size and composition, helium phase separation and enrichment in heavy elements in the external envelope, have been tested. Each interior model is characterized by radial profiles of density, ρ, and bulk modulus, K. In giant planets, two main mechanisms are invoked for tidal dissipation: the viscous dissipation associated to viscoelastic deformation of a solid core (as initially proposed by Dermott (1979) and further explored here) and the fluid friction applied on tidal waves propagating in the deep gaseous envelope (see e.g. Ogilvie Here, the tidal response of Saturn's interior is first computed from all the considered density profiles assuming that the core is solid and viscoelastic, with radius R core (varying typically between 7000 and 16000 km) overlaid by a thick non-dissipative fluid envelope (to explore the own effect of the core), similar to the approach of Remus et al. (2012 Remus et al. ( , 2015 . The envelope is only taken into account for the hydrostatic effects it applies on the core. The complex Love for more details). For the fluid envelope, the static formulation of Saito (1974) is used. In this formalism, the fluid friction is not modelled. However, it allows us to take into account the gravitational effects of the fluid envelope on the solid core deformation, which has a strong impact in the case of very thick fluid envelope like in the case of Saturn as demonstrated by Dermott (1979) and Remus et al. (2012 Remus et al. ( , 2015 . The system of differential equations (6 in the core and 2 in the envelope) is solved by integrating from the center to the surface three independent solutions using a fifth order Runge-Kutta method with adaptive stepsize control, and by applying the appropriate condition at the solid core/fluid envelope interface and at the surface (see Takeuchi In order to test the validity of our numerical code, we compared our numerical solutions with Cassini, within error bars. Although we did not test all possible models, based on these results, we can reasonably conclude that a k 2 value as high as 0.39 is incompatible with the observed gravitational coefficient. For slow rotation cases, all models with a low density ice-rich core have a k 2 value above 0.366, the lower limit inferred from astrometric measurements, while only about half of the models with a high density core exceeds this value. For fast rotation cases, only four tested models exceed this limit: all of them have a low-density core and a helium separation occurring at 1 Mbar, in line with recent determinations of hydrogen-helium phase separation (Morales et al., 2009 ). Even if we can notice some tendencies as a function of core size (Fig. 2) , the k 2 value is controlled by several other internal parameters (core composition, helium separation, enrichment in heavy elements in the external envelope), which precludes any simple interpretation of the measured k 2 value in term of internal structure. Tests 
Discussion
In 1977, Gavrilov and Zharkov (1977) hand, we obtain a strong increase of dissipation at Rhea's frequency. Such a dissipation corresponds to an orbital shift in the longitude of about 75 km (see Appendix A3). The fact that the strong orbital shift at Rhea is observed using both the IMCCE and JPL models, makes systematic errors unlikely. As Rhea has no orbital resonance with any other moon, and no significant dynamical interaction with the rings, its strong orbital shift is more likely the consequence of strong tides.
The rather constant dissipation inferred at tidal frequencies associated with Enceladus, Tethys and Dione suggests dissipation processes dominated by anelastic tidal friction in a solid core (Remus et al., 2012 (Remus et al., , 2015 . This is confirmed by the calculations performed here using more realistic density profiles. We further show that a Q factor lower than 3000 required a core viscosity lower than 10 16 Pa.s. For large low-density ice-rich cores, Q values as low as 200-300, compatible with the k 2 /Q estimate obtained at Rhea's frequency, can be obtained.
However, due to the weak frequency dependence of dissipation in a viscoelastic core, a Q value of 1500-2500 at Enceladus, Tethys and Dione's frequency cannot be match simultaneously with a value as low as 300 at Rhea's. This suggests either that additional dissipation processes exist in Saturn at Rhea's frequency to reduce the apparent Q value, or that a value as low as 300
is representative of Saturn's dissipation that the orbital consequences of such a strong dissipation in Saturn is partially compensated by strong dissipation in the moons. The best candidate for additional processes in Saturn to explain the reduced Q at Rhea's is friction The first one is tidal friction within the dense core, while significant tidal dissipation may also occur inside the outer fluid envelope at Rhea's tidal frequency.
Appendix

A1 -The tidal effects on coorbital satellites
The effects of tidal bulges on one moon's motion are generally far below detection, unless those tides are raised by the same moon. Indeed, such a configuration produces a secular effect on the orbit that may be detectable after a sufficient amount of time. On the other hand, tidal bulges associated with another moon will introduce essentially quasi-periodic perturbations, with much lower associated signal on the orbits. There exists an exception, however, if one considers the special case of Lagrangian moons. Indeed, in such a case the tidal bulges are oriented on average with a constant angle close to 60° (see figure below).
As a consequence, tidal effects arising on one moon and acting on a Lagrangian moon will provide a significant secular signature on the orbital longitude that is hopefully detectable. To quantify how large this effect can be, we rely here on numerical simulation. A simple look at the differences on the positions of the coorbital moons after adding/removing the cross tidal effects over about 10 years (roughly the time span of Cassini data) will be meaningless. Indeed, one needs to take into account the fitting procedure of the initial conditions to the observations.
In particular, the difference in modelling may be partly masked by a slight change of the initial conditions. As a consequence, the true incompressible part of the cross tidal effects in the dynamics will be revealed only after having fitted one simulation onto the other. We provide below prefit and postfit residuals associated with these cross-tidal effects, for 14 moons of We can see that the largest effects indeed appear on the coorbital moons, with the highest effects on the Lagrangian satellites of Tethys and Dione. When not considering these crosstidal effects, the astrometric residuals of these former moons can easily reach a few tens of 
A2 -Validation of Love number computation
A4 -Astrometric residuals and linear correlations
To illustrate the various simulations that we performed, we provide astrometric residuals of the IMCCE solution that considered a constant k 2 /Q ratio and no tidal dissipation scenario within Enceladus. To save space, we do not provide here statistics of ground-based and HST data, 
